Introduction
The reaction of copper(I) complexes with dioxygen, O 2 , has been intensely researched in connection with the essential O 2 binding role of Cu I in biology [1Ϫ7] and, more recently, in connection with the copper-based utilization of O 2 for synthetic purposes such as stoichiometric and catalytic versions of C-H activation reactions [8, 9] . Reversibly O 2 transporting hemocyanin as well as C-H bond activating enzymes such as tyrosinase or dopamine-β-monooxygenase have been investigated as proteins and with regard to small molecular model complexes. Mononuclear and dinuclear electron transfer intermediates involving superoxo (O 2 ·Ϫ ) or peroxo (O 2 2Ϫ ) complexes of copper(II) have been identified spectroscopically and, in part, structurally [1Ϫ7] . Sterically hindered ligands proved to be advantageous to stabilize these intermediates, however, electronic and charge effects must also be considered. (2) which exhibits an EPR detectable dissociation into monomers in CH 2 Cl 2 solution. The structure of the hexakis-(dichloromethane) solvate of 2 with CuϪCu and Cu-O distances of 3.055 and 1.94 Å , respectively, is typical for dihydroxo-bridged dicopper compounds with square-pyramidal Cu II configuration (τ ϭ 0.03), adopting an anti arrangement. In agreement with the relatively wide Cu-O-Cu angles of 103.5°an analysis of the temperature dependence of the magnetic susceptibility revealed a rather strong (J ϭ Ϫ633 cm Ϫ1 ) antiparallel spin-spin coupling. The effect is ascribed to the steric bulk of the ligand L 3 .
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Following reports of the successful use of tris(3-organopyrazolyl)borato (1-) 10, 14] , the corresponding product complexes with bis-and tris(2-pyridylmethyl)amine ligands are well established [1a, b, 6c-e, 7c, 13]. We therefore describe EPR and UV-VIS spectroscopic results of low temperature reactions between the copper(I) complexes with both L 3 and bis(2-pyridylmethyl)benzylamine with dioxygen. Other such complexes with substituted tris(pyrazolyl)-borato(1-) or tris(pyrazolyl)methane ligands were found to be more tolerant towards O 2 [5, 6, 14] . In addition to the crystallographic characterization (Tabs. 1, 2, Fig. 1 (2) 2045.4(13) The structure of the molecule 1 in the crystal (Fig. 1 Attempts to reverse the O 2 addition reaction by bubbling argon through the system in dilute solutions were unsuccessful as evident from the remaining colour, indicating an irreversible O 2 binding process in contrast to the reactivity of the hemocyanin proteins. A copper(II) EPR signal at g ʈ ϭ 2.292 (A ʈ ϭ 16.0 mT, 63, 65 Cu with I ϭ 3/2) and g -ϭ 2.063 was observed in frozen solution, suggesting some decomposition to monomers [17] . Removal of the solvent at Ϫ60°C gave a purple residue which rapidly decomposed at Ϫ30°C to a green material as reported before for related systems [13, 18, 19] . The irreversibility of O 2 binding and the thermal lability distinguish the compound described here from related tris(pyrazolyl)borato(1-) complexes [4, 5] or from the analogue with tris (3,5- 
Results and Discussion
The successful use of tris(2-pyridylalkyl)amine ligands in copper/dioxygen chemistry [6c-g, 18] has prompted us to study the solely tridentate but also established [13] ligand bis(2-pyridylmethyl)benzylamine in a similar experiment. The final dicopper(II) product with bridging hydroxide ligands has been characterized with respect to structure and magnetism [13] . While single crystals of a copper(I) complex with bis(2-pyridylmethyl)benzylamine could not be obtained, such solutions obtained from the ligand and [Cu(NCCH 3 ) 4 ](BF 4 ) in CH 2 Cl 2 reacted rapidly with dry O 2 even at Ϫ90°C without showing typical peroxo-to-copper(II) LMCT transitions. The only absorption observed was that of the final bis(hydroxo)bridged product with a ligand-field band at 610 nm (see below). We attribute this high reactivity to a lack of steric shielding or electronic stabilization by the bis(2-pyridylmethyl)benzylamine ligand. However, EPR experiments showed the presence of a new signal at low temperatures (Fig. 2 ) different from the familiar trace spectra resulting from small amounts of mononuclear Cu II . This EPR signal has a diminished g anisotropy of g ʈ ϭ 2.17 and g -ϭ 2.03 without detectable 63, 65 Cu hyperfine splitting, suggesting considerable localization of spin on the ligand rather than on the metal(s) [2, 20, 21] . Tentatively one could attribute the signal to a metastable species formulated as either a superoxo complex [19] [22] we have shown that the the formally related anion radicals of azo ligands (RN) 2 (RN Z O) can accommodate copper(I) in stable and even structurally characterized dicopper(I)-radical complexes [23] . While the g anisotropies are smaller in these cases as evident from high-field EPR studies [24] they confirm the small metal hyperfine splitting < 2 mT in such a situation. 
Formation
The dissociation of such bis-hydroxo bridged dimers into mononuclear copper(II) complexes explains the ready conversion between syn and anti isomers (cf. below).
Single crystals of the dinuclear compound were obtained as the hexakis(dichloromethane) solvate 2·6 CH 2 Cl 2 , whereas the dried powder analyzed as the bis(dichloromethane) solvate. The large number of partially labile solvent molecules in the crystal is held responsible for the relatively poor structure quality (Tabs. 1,3) which, however, reveals sufficient information to fit the compound into the vast number of bis(µ-hydroxo)dicopper(II) complexes [11Ϫ14, 19].
The molecular structure of 2 in the hexakis(dichloromethane) solvate crystal (Tab. 3, Fig. 3) shows an essentially planar [Cu 2 O 2 ] core with the metals in square pyramidal (sqp) configuration. The anti arrangement (Fig. 4) The τ value typically used to assess the square-pyramidal or trigonal-bipyramidal characteristics of five-coordinated arrangements [26] is very low for 2 at τ ϭ 0.03, indicating essential square-pyramidal configuration. Since the hydroxo oxygen atoms participate to make up the basal plane in 2 (Fig. 4) , the tripodal ligand L 3 has to coordinate in a strongly unsymmetrical 2ϩ1 fashion with two rather short Cu-N bonds at about 2.02 Å and one long The dissociation (3) of bis-hydroxo bridged dimers into mononuclear copper(II) complexes explains the ready conversion between syn and anti isomers and their isolation depending on the solvent of crystallization, as was observed for compounds with di(2-pyridylmethyl)benzylamine [13] .
The structural characteristics of 2 are reflected by the results from a temperature dependence analysis of the magnetic susceptibility (Fig. 5) .
The classical analysis [11Ϫ14] using the Bleaney-Bowers equation [28] (Fig. 5) yields a very good fit with the exchange coupling parameter J ϭ Ϫ633 cm
Ϫ1
, signifying strong antiferromagnetic coupling in agreement with the absence of EPR signals for the solid even at 4 K. This result is in agreement with reports [13] from related systems and with general guidelines as given in a paper by Ruiz et al. strong antiparallel spin-spin coupling. While the O-H vectors could not be determined in the solvate structure due to the insufficient crystal quality, it may be assumed due to steric requirements that they do not point significantly out of plane, which would also favor very negative J values [12a], relative to what might be estimated applying traditional correlations between J and the Cu-O-Cu angle or the CuϪCu distance [11, 14a] .
Summary and conclusion
The use of the tripodal ligand L 3 for copper complexes involved in the reactivity towards dioxygen has led to the isolation and structural characterization of a copper(I) precursor [L 3 Cu(NCCH 3 )](BF 4 ) and of a dinuclear copper(II) end product [L 3 Cu(µ-OH) 2 CuL 3 ](BF 4 ) 2 with strong antiferromagnetic exchange coupling. A purple compound was observed as the intermediate product of an irreversible reaction between the precursor and dry O 2 at Ϫ78°C in CH 2 Cl 2 however, it could not be characterized in detail because of its high lability. With the less sterically protecting bis(2-pyridylmethyl)benzylamine tripodal ligand such an intermediate could not even be detected at Ϫ80°C, however, a new kind of EPR signal was observed which was tentatively attributed to a superoxo complex of copper(I) (6b). Combining these observations, including the formation of dihydroxo-bridged final products such as 2 (7), with other literature results [1a, 7a, 18, 29, 30] leads to reaction schemes (4)-(7) for different O 2 /Cu ratios: The lack of charge in both bis(2-pyridylmethyl)benzylamine and tris(pyrazolyl)methane as compared to tris(pyrazolyl)borato ligands is held responsible for this increased lability. In addition, the presence of benzylic/allylic functions in L 3 or (2-pyridylmethyl)amine ligands may render these systems susceptible towards CH activation reactions because of possible self-attack.Nevertheless, this study has once again [1a, 4Ϫ7] revealed that several factors determine the binding and activation of O 2 by copper compounds. New ligands will thus be tested in our laboratories in the directions of stabilizing intermediates or enhancing oxygenating reactivity.
Experimental Section
Instrumentation EPR spectra were recorded in the X band on a Bruker System ESP 300 equipped with a Bruker ER035M gaussmeter and a HP 5350B microwave counter.
1 H-NMR spectra were taken on a Bruker AC 250 spectrometer, infrared spectra were obtained using Perkin Elmer 684 and 283 instruments. UV/Vis/NIR absorption spectra were recorded on Shimadzu UV160 and Bruins Instruments Omega 10 spectrophotometers. Cyclic voltammetry was carried out at 100 mV/s scan rate in dichloromethane/0.1 M Bu 4 NPF 6 using a three-electrode configuration (glassy carbon electrode, Pt counter electrode, Ag/AgCl reference) and a PAR 273 potentiostat and function generator. The ferrocene/ferrocenium couple served as internal reference. Susceptibility measurements were carried out using previously described set-up and methodology [31] . The fitting was performed using the standard Bleaney-Bowers approach [28] for dicopper(II) complexes [11Ϫ14] .
Syntheses
The ligand L 3 ϭ tris(3-isopropyl-4,5-trimethylenepyrazolyl)methane was obtained as described [10] . Products isolated from the reaction of bis(2-pyridylmethyl)benzylamine with copper precursors were reported [13] . 
Low-temperature reactions with O 2
Dry O 2 was slowly added to a cooled (Ϫ78°C) solution of 100 mg (0.153 mmol) 1 in 40 ml dichloromethane. The initially colourless solution turned pink and then dark purple within 30 minutes (λ max ϭ 517 nm). Attempts to reverse the reaction by bubbling argon through the system in more dilute solutions were not successful, as evident from the remaining colour. Removal of the solvent at Ϫ60°C gave a purple residue which rapidly decomposed at Ϫ30°C to a green material. 
Crystallography
Single crystals were obtained from methanol at Ϫ15°C (1) and from the reaction mixture (2) . The latter crystallized with six dichloromethane molecules per formula unit. The X-ray data were collected at 188(2) K on a Siemens P4 diffractometer, using graphite monochromated Mo-Kα radiation (λ ϭ 0.71073 Å ) and employing Wyckoff scans. Further details are given in Table 1 . All structures were solved by the Patterson method using the SHELXTL package while refinement was carried out with SHELXL97 employing full-matrix least-squares methods on F 2 with F 0 2 Ն Ϫ2σ(F 0 2 ) [33] . All non-hydrogen atoms were refined anisotropically, hydrogen atoms were introduced using appropriate riding models.
Crystallographic data have been deposited with the Cambridge Crystallographic Data Centre, CCDC-262408 and 262409. Copies of the information may be obtained free of charge from: The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (ϩ44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk; www: http:// www.ccdc.cam.ac.uk).
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